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Abstract

An investigation has been conducted in
the NASA Langley 20-Foot Vertical Spin Tunnel
to determine the static aerodynamic
characteristics of a 1/25-scale model of the

X-29A Forward Swept Wing airplane. The tests
were conducted at a flee-stream dynamic
pressure of 3.6 lb/ft 2, corresponding to a unit
Reynolds number of 035 x 106/ft, or 0.45 x 10s

based on a maximum fuselage forebody depth of
0.128 ft. The purpose of this investigation was
to assess the ability of various forebody devices
to correct the aerodynamic parameters that are
important in spin testing for Reynolds number
effects. Low Reynolds _ aerodynamic
characteristics obtained for the X-29A during
the present test were compared with high
Reynolds number data obtained for this
configuration in a previous test. The low
Reynolds number tests were conducted first with
the unmodified (baseline) model and then

repeated with each of several forebody
modifications installed.

Introduction

Reynolds number effects are well known
to be a potential source of discrepancy between
measured aerodynamic characteristics from sub-
scale model tests and actual flight results. Free-
spin tests of dynamically scaled models (as well
as rotary balance tests) are performed at
Reynolds numbers on the order of 1.0 x 10s at the
NASA Langley Research Center. In terms of
predicting the spin behavior of modern,
fuselage-loaded (i.e., negative values of the
inertia yawing moment parameter, IYMP)
fighter designs from low-Reynolds-number free

spin or rotary balance data, the crossflow over
forebodies with certain cross-sectional shapes
has been shown to be the major sourm of these
Reynolds number effects if they exist (refs. 1-6).
Historically, the majority of spin modes
predicted using the free spin and rotary balance
techniques have correlated well with full-scale
results (where comparable full-scale results
were available). But forebody-dominated
effects have been found to be so severe for certain

geometries as to make the model _ and spin-
recovery characteristics unrepresentative of
those for the airplane (e.g. the F-5A, ref. 5).

However, modifications were identified for the

F-5A and other model configurations that
resulted in the successful prediction of full-scale
spin modes from free spin tests.

There are no high-Reynolds mnnt_
free-spin wind tunnels in existence, and few high
Reynolds-number facilities equipped with
rotary balances (e.g., see refs. 7 and 8).
Consequently, the method that has most often

been used to analyze a model's susceptibility to
Reynolds number effects has been to compare
static force and moment data obtained at

spinning attitudes (high angles of attack and
sideslip) and low Reynolds numbers to that
acquired at relatively high Reynolds numbers.
When a discrepancy is noted between the low-
and high-Reynolds-number data trends,
forebody modifications are commonly used in an
attempt to correct for these effects.

This does not imply that static data can
be used to accurately predict the forces and
moments on a configuration during a spin. It has
been demonstrated over many years of research
and testing that modeling rotational effects (as
on a rotary balance) is essential to properly
measure spin aerodyrmmics. For example, static
yawing mornmt coefficient values at a given
angle of attack may be antispin over the entire

sideslip range tested, but a fast, fiat spin could
still exist at that angle of attack.

The primary assumption made in the
present research (as well as that of refs. 5, 6, and

9) is as follows: if the static aerodynamic trends
of the parameters most important in a spin are
reasonably corrected for Reynolds number effects
(most significantly, there are no sign differences
between low- and high-Reynolds munber data),
then the rotary aerodynam/c trends will be
similarly corrected. This presumes that the
static data have been obtained using a test
technique that approximates the flow over the

o_mpomnt known to be sensitive to Reynolds
number (theforebodyin the presentcase)during
aspin.Itshouldbe noted that the testsofref.9

usinga model ofthe Northrop T-38 airplane(a
2-seat trainerof which the i:-5seriesare

derivatives)includedrotary balance testsat
various Reynolds numbers. However, the

Reynoldsnumber rangeforthesetestswas small,
and statictestssimilarto thoseinrefs.5 and 6

over a wider range of Reynolds numbers were



also used. Further explanation of the rational
for using static data in this manner is found in
the Results and Discussion section below.

Strakes mounted on the fuselage nose or

forebody have been most often used to correct for
Reynolds number effects (refs. 3, 5, 6, and 9),
although forebodies with highly-modified
cross-sectional shapes have also been tried (ref.
6). The grit-type boundary layer transition
strips discussed in references 10 and 11 have not
typically been used for this application. Factors
such as very low Reynolds number coupled with
the large and variable angles of attack and
sideslip would tend to make the required grit
size quite large compared to that used in
standardwind tunnel tests.

Of the aerodynamic characteristics
typically most affected by forebody-dominated
Reynolds number effects at spinning attitudes
(yawing moment, pitching moment, side force,
and normal force), yawing rram_ent is the most
important of these parameters in the dynamics
of a spin. The yawing mon'_t is especially
important in the high-angle-of-attack (flat)
spin that is characteristic of many modem
fighters. The use of forebody strakes has been
reasonably successful at correcting static yawing
moment trends, at least at high angles of attack
(ct>70 ° for the F-5A in ref. 5 and o.>80 ° for the
X-29A in ref. 6). However, some strake

geometries can adversely affect pitching
moment (i.e., reduce the static longitudinal

stability of the basic model) beyond the
reduction in longitudinal stability typically
associated with low Reynolds _ testing a t

high angles of attack. While a small-to-
moderate increment in positive (nose-up)

pitching_t would probablynot affectthe

spin characteristicsof a model with a high
degree of static longitudinal stability, more
modem configurations with relaxed longitudinal
stability could be affected due to a large
proportion of the available nose<lown pitching
moment being offset.

As noted above, a given forebody

modificationmay notprovidethe desiredstatic

aerodynamic characteristicsoverthe entirea-

and _-range tested. In practice, an iterative

proceduremight thereforebe requiredin to

determine whether or not a "fix"is possible.
The staticcharacteristicswould be used to

determine the attitudesat which Reynolds
number effectsare prevalent.The unmodified

baselinemodel would thenbe free-spintestedto

identify the uncorrected spin mode(s). If a
baselinespinmode were toc(_tu"at an attitude
forwhich Reynoldsnumber effectsare probable,

then forebodymodificationscould (hopefully)

be tailoredtowork at thatattitude.Free-spin

tests would then be repeated with the
modificationsinstalled.

The goal of the present test was to
identify non-actuated forebody devices that met
or exceeded the ability of traditional strakes to
correct yawing _ for Reynolds rmmtx_
effects while not having their adverse effect on
pitching moment. These results were intended to
be used for identifying forebody devices that
provided the best overall performance (relative
to each other), even at test attitudes that might
not correlate with the uncorrected predicted spin
modes of the "testbed" X-29A model (i.e., the

spin modes predicted by the iterative procedure
described above). The devices were required to
be simple to fabricate and install while being
rugged enough to survive the rigors of free-spin
testing with dynamically-scaled models. The
X-29A was chosen for this test because it

represents a contemporary design with relaxed
static longitudinal stability and has a forebody
known to be sensitive to Reynolds number effects.
In addition, high Reynolds number data were
available for comparison from the previously-
cited reference 6.

A caveat is in order concerningthe

resultsofthisstudy.The useofforebodydevices
for modifying aerodynamic characteristicsis

known to be extremely configurationdependent.
While it is _ (as stated above) that the

findings reported here will be useful in a general
s_se as a guide and startingpoint for using

forebody devices on other configurations, direct
application of the results apply strictly to the
X-29A, or other fighter airplanes equipped with
the F-SA forebody. In other words, the final
suitability any device for correcting Reynolds
number effects should be verified

experimentally for each model configuration
under consideration.
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Cm pitching moment coefficient,
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yawing moment coefficient, Mz
q..Sb

• aC.
directional stability aerivative,-_-

side force coefficient, _.

wing mean aerodynamic chord, ft

side force, Ib

height of =triangular patch" boundary
layer stimulator, in

pitching moment, lt-lb

yawing moment, ff-lb

free stream Mach number

free stream dynamic pressure, Ib/tt=

Reynolds number based on some
characteristic length

critical Reynolds number for boundary
layer transition

wing area, ft2

free stream velocity, ft/sec

angle of attack, deg

sideslip angle, deg

effective sideslip angle on forebody due
to rotation about spin axis, deg

pitching moment increment

flaperon deflection, deg

canard deflection, deg

rudder deflection, deg

strake flap deflection, deg

spin rate about vertical axis, rad/sec

_b nondimensional spin rate,
2V

erect spin to pilot's right

Abbreviations:

BL airplane buttline, in

c.g. center of gravity

FS

IYMP

WL

positive for

airplane fuselage station, in

inertia yawing moment parameter, Ix'IF

airplane waterline, in

Model

An existing 1/25-scale free-spin model of
the X-29A Forward Swept Wing airplane was
modified at the NASA Langley Research Center
and tested statically on the rotary balance
apparatus in the Langley 20-Foot Vertical Spin
Tunnel. The dimensional characteristics of the

full-scale airplane are presented in table 1. A
three-view drawing of the X-29A model is
shown in figure 1. The model/st_ng/rotary
balance arrangement is illustrated in figure 2. A
photograph of the baseline model appears in
figure 3.

For all tests, the control surfaces were

fixed at "high-co" deflections (8= = -60=, 8, = 25 °,
8, = 30=, and 8r = 0°) that are representative of
those typically used in free-spin testing. The
flaperon/wing geometry of the current model
deviated from the full-scale arrangement (as
well as that of the model in ref. 6) in that the
model flaperons extend out to the wing tip,
whereas the airplane flaperons do not. In
addition, neither flap actuator fairings on the
wing nor flow-through engine inlets were
represented an the model. These difference in
geometry were not expected to significantly
affect the comparison of results from the present
test with those of previous tests.

Test Facility and Conditions

The low Reynolds number, static force
and moment tests were performed in the Langley
20-Foot Vertical Spin Tunnel, which is described



in reference 1. The tests were performed in the

Spin Tunnel so that the flow environment would
be similar for the present static tests and any

future free-spin tests. The investigation was
performed at a free stream dynamic pressure (q.)
of 3.6 lb/fF, which corresponds to a unit
Reynolds number (Re) of 0.35xl0+/ft (0.45x10 s
based on a maximum fuselage forebody depth of
0.128 ft) and a Mach number (M.) of 0.05. The

model was sl_ng-mounted on the Spin Tunnel's
rotary balance arm, which was not rotated for
the present tests.

An internally-mounted, six component

strain gage balance attached to an aft-entry
sting was used to measure forces and moments,
which were resolved into the appropriate
coefficients about a body axis system (fig. 4).
The rnornent reference center was at FS 454.27

(-0.05_'), WL 66, and BL 0 (full scale), while the
balance reference center was at FS 582.63, WL

753, and BL 0 (also full scale). The small
internal volume of the model near the moment

reference center necessitated locating the
balance a greater distance from the moment
reference center than is customary. The angle of
attack range used in these tests was 0,=40" to
a=90 ° while the sideslip angle was varied from
_=-15 ° to _=+30 °. The model was not tested in an
inverted attitude.

Wind tunnel boundary corrections were

not applied to the data due to the small size of
the model as compared to the test section (the

model wing span was 5.5% of nominal test
section diameter) and because drag data were

not required. No atte_'npt was made to correct for
flow angularity. Aside from the forebody
devices mentioned previously, boundary layer
transition strips were not used for this test.

Add-On Forebody Devices

In this section, a description of each

forebody device tested is presented, along with
a brief s_ of the reasoning used in

choosing each device. In all cases (with the
exception of the helical trip wire), the devices
were installed in the same location on the

model's forebody as that used in re_erences 2 and

3, i.e., no attempt was made to optimize the
location of the st'rakes. Details of the forebody

devices and their installation locations are

shown in figures 5 through 7.

Four of the five forebody devices used in
this study can generally be classified into one (or
both) of two categories: those that produce
strong, 2-dimensional vortices that emanate
from a definite separation line at their edges
(such as side-mounted strakes) and

3-dimensional devices that energize the
boundary layer, causing transition and
(presumably) delaying separation. Devices of
the first type do not correct for Reynolds number
effects in the sense that the flow about the

forebody is necessarily forced to be more
reflective of the high-Re case. Rather, they can
be tailored to favorably influence certain
aerodynamic forces and moments (such as Cv and

C..) acting on the model, by r_lucing vortex
asymmetries on the forebody, for example.
However, there may be a trade-off in the sense
that other aerodynamic parameters could be
adversely affected (e.g., C_. In contrast,
devices of the second type could potentially
produce low-Re flow about the forebody that
more closely resembles the flow at high Re (if
they were efficient at tripping the boundary
layer and were properly located), thus
beneficially influencing both the yawing
moment and pitching moment coefficients.
Asst.ning that both types of devices performed
adequately, the ultimate effect would be the

same in that there would be less discrepancy
between the measured aerodynamic parameters
at low and high Reynolds numbers.

Typical n_e strakes (e.g., strake 1
below) fall into the first category.

Strakes 3 and 4 belong to the second category.
Strake 2 is a hybrid that has characteristics of
both categories. Helical trips have traits in
common with nosestrakesinthat they also force
boundary-layer separation, but in a mann_ that
suppresses, rather than causes, vortex formation.
Further discussion of the mechanisms involved

in the workings of each of the forebody devices
are discussed briefly below.

Strake 1

Strake 1 (figs. 5a and 6a) is a solid, 2-
dimensional forebody strake that was

developed for the F-SA free-spin model to
correct for Reynolds number effects (ref. S).

4



Likewise,this same strake geometry was used
during wind-tunnel Reynolds number tests of the
X-29A (referred to as a "lateral strake" in ref. 6)
since the F-SA and X-29A have a similar

forebody shape (The X-29A airplane forebody is
eleven inches shorter than that of the F-5A and

is equipped with small nose strakes - see ref. 12).
In both cases, strake 1 was found to adequately
correct the yawing moment characteristics of the
configurations so as to give reasonable free-spin
test results. However, this strake had the

unwanted side effect of adding a sizable
positive (nose-up) pitching _t increment to
both the F-SA and X-29A. In the case of the

F-5A, the relatively high degree of

longitudinal stability of the basic airframe
meant that the addition of the st'rakes reduced,

but did not eliminate, its nose-down pitching
moment characteristics over the range of angle
of attack and sideslip angle tested, even at low

Reynolds number. In contrast, the basic X-29A
has only marginally longitudinal stability a t
high angles of attack (e.g., see ref. 6) and the
addition of a large nose-up pitching moment
increment can cause it to becorr_ unstable. In
both cases, however, it was determined that

strake 1 was the best compromise between
correcting yawing mon'_nt and adversely
affecting pitching moment. Unpublished results
for the X-29A, along with the results for the F-
b'E (a derivative of the F-SA with the same

forebody shape - see ref. 13) indicate that the
addition of strake 1 to these models was

successful in correcting their free-spin
characteristics in that the models exhibited

fiat spin modes characterized by slower spin
rates, lower angles of attack, and faster
recoveries when equipped with strakes than
when the strakes were removed.

Strake 2

Figures 5b and 6a illustrate the
geometry and location of strake 2. Essentially,
the "outline" dimensions of strake 1 were

retained but the planform shape was modified
by cutting adjacent 60-degree serrations to form a
"sawtooth" pattern. The geometry of strake 2
was based on the results of reference 14. In that

work, the performance of solid, nonplanar
"Gurney" flaps on a wing (analogous to strake 1)
was improved by the incorporation of serrations.
In particular, it was concluded that the
serrations introduced streamwise vortices into

the flow which favorably influenced the
separation of the upper-surface boundary layer.
For the present study, it was assumed that the
serrated strake 2 would also fix the separation
line on the forebody (like strake 1) but would be

more efficient at energ_ng the boundary layer.
It was also assumed that strake 2 would induce

less nose-up pitching moment than strake 1 due
to its reduced planform area (i.e., area normal to
the flow at high angles of attack).

St_ake 3

A very interesting approach to the
problem of causing low Reynolds
boundary layers to transition from laminar to
turbulent flow is addressed in references 15, 16,

and 17. The authors of these reports developed
a device which they dubbed the "triangular
patch boundary layer stimulator". Essentially,
the triangular patch resembles the serrated
strake 2, except that the serrations are directed
into the flow when the model is at high angles
of attack (figs. 5c and 6b). Therefore, "strake" 3
is not shaped like a strake in the traditional
sense. As with strake 2, the premise behind this
device is that a 3-dimensional shape is more
effective at promoting boundary layer transition
than one that is 2-dimensional. The convergence
region between each triangle of strake 3 causes
the local flow to accelerate rapidly, and to then
stream off as a small vortex as it leaves the

between the triangles. The relatively
close spacing of the triangles produces a large
number ofvorticesto stimulatetransition.

In reference17,itwas statedthat the

critical Reynolds number (Re_)fora triangular

patch stimulatorattached to a fiatplate was

approximately 60, which is an order of

magnitude lower than Re_ for grit-typetrips.

Using this_, the thicknessof the patches

for thepresent test was initially estimatedto be
0.003 inches. This value was arrived at by
assuming that the forebody at high angles of
attackcould be representedas a 2-dimensional

circularcylinderand then usingthe methods of

reference18. However, the value of Rec= 60 in

reference16 was arrived at by observing the
of transitionat some distance well

down stream of the device (approximately S

Rrnes the thickness,or "height" (h) of the

patch see fig. 5(:)and under idealized

conditionson a fiatplate. Sincethe forebody is
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neither fiat nor likely to operate under ideal
conditions in the present study, it was felt that a
significantly greater height would be required
to force transition to oocur immediately behind

the strake (the same reasoning for not using
standard grit-type trip strips). As a practical
consideration, fiberglass sheet material with a
thickness of 0.033 inches was available and was
used to fabricate strake 3. The strake was

attached to the model such that the junctures of
the serrations were aligned with the
attachment line of strakes 1 and 2 (fig. 6b).

Strake 4

To account for the possibility that the

height of st-rake 3 was still too small to provide
the required yawing moment correction in these
tests, strake 4 was fabricated by doubling the
height of strake 3 (0.066 in.) but otherwise
maintaining the same geometry (fig. 5c). The
installation point on the model was the same as
for strake 3 (fig. 6b).

Helical trip wine

In reference 19, a helical trip wire was

developed to alleviate s/de-force asymmetries
on slender,pointedforebodiesat high angleof
attack.The unusualshape of the helicaltrip

givesitan advantage over the more commonly

used straighttripwire inthatitscurvedshape
forces separation from the forebody to _ a t
different peripheral locations, thus causing the
flow velocity to vary at the separation point
along the length of the trip. Unlike a straight
wire or traditional strake, the non-tmiform

vortex shedding produced by the helical trip
wire "(disrupts)the formation of discrete
2-climensionalvortex cores....andthus the

possibilityof vortexasymmetry isremoved at
the source" (ref. 19).

In reference 19, the forebodies(either

isolated or mounted on generic fuselage/wing
combinations) wm.e tested at angles of attack
from 0"to 55*,and primarily at zero sideslip

(limited testsof the effect of the trips on

lateral/directionalstabilitywere conductedat

13=10").In reference20, a complete airplane
model (the F-15A) was tested both with

standardforebodystrakes and the helicaltrip

wirebasedon thework ofreference19.Anglesof

attack of up to 55" were also tested,but at

greater sideslip angles (13--+-20") than in
reference 19. These results showed that the

helical trip wire was very effective at
eliminating or reducing zero-13 asymmetries in

yawing moment while being much lessprone
than strakes to generate large, positive pitching
moment increments. In fact, the trip wire
typically provided n_m nose-down pitching
momm_ at a given angle of attack than the
forebody without any devices attached,

presumably by reducing the high-a crossflow
dragon theforebodyatthelow Reynoldsnumber
ofthetest(0_9xl{Pbased on mean aerodynamic

chord ofthewing). Conflictingresultsas tothe

effectof the helicaltrip wires on directional

stability(C_) at relatively small sideslip

angles were obtained in references19 and 20,

sugges1_-Igthat theirimpact on thisparameter

isconfigurationdependent (ref.19). Although

there were no datain either reference to support
the effectiveness of the helical trip wire at the
significantly higher angles of attack (up to 90*)
and sideslip (up to 30*) of the present tests, i t
was felt that the impressive results at lower a
and _ warranted its inclusion.

In reference20,itwas concludedthatthe

minimum height to ensuregood performanceof

the helical trip could not be precisely
calculated. However, a "ruleof thumb" for

deterrrdnm" g a starting point for the wire size

was given as "2% of the maximum forebody
diameter". Using this guideline, a wire
diameter of approximately 0.03 inches was
calculated. But it was assumed, as with strakes

3 and 4, that the calculated size would likely be
too small for the trip to be effective at the large
sideslip angles of the present test. Therefore,
standard solder wire (used due to its pliability)
with a diameter of 0.06 inches was used to

fabricate the helical trip. The general
arrangement of the helical trip wire
installation on the X-29A model is shown in

figure 7.

Results and Discussion

An explanatory figure, along with the
results of the X-29A static tests (with and

without add-on forebody devices)are presented

in figures 8 - 12. Based on the findings of
references 5 and 6 _g the relative



importance of various aerodynamic
characteristics on the spin of the F-SA and
X-29A, only the yawing raornent coefficient and
pitching raornent coefficient are considered in
this report. Figures 9 and 10 illustrate the
yawing moment characteristics of the model,

while figures 11 and 12 show the pitching
_t characteristics. In each figure, low
Reynolds number data for the clean model
("baseline") are plotted along with that for the
model equipped with each of the 5 forebody
devices tested. As a benchmark, high Reynolds
number data for a 1/8-scale model of the X-29A

without any forebody devices are reproduced
from reference 6. These data are labeled in

figures 9 - 12 as "Re=5xl06/ft '' for convenience,
although the reproduced data from reference 6
were actually obtained at Reynolds n_
ranging from 4.92x106/ft to 5.2x106/ft (1.97x106 to
2.1x106, respectively, based on a maximum
fuselage forebody depth of 0.4 ft).

Yawing Moment Characteristics

In figure 9, C,_is plotted as a function of J3
for constant values of a. Note that in certain

figures (e.g., fig. 9a) the data in the vicinity of
J3=0-indicate that the model was directionally
stable (i.e., the slope of the C,-versus-{3 curve

was positive). However, the nonzero-sideslip
angles in the present tests were meant to provide
a simulation of the flow over the model's

forebody during a spin caused by a combination
of vertical descent rate and rotation rate. This

is termed the forebody's "effective" sideslip
angle in references 3 and 4. Therefore, a positive
static sideslip represents the conditions that the
model's forebody would experience in an erect
spin to the pilot's right. Thus, quadrants I and 3
of explanatory figure 8 are prospin and
quadrants 2 and 4 are antispin. For perfectly
steady spins (i.e., non-oscillatory spins such as
those simulated on most rotary balances), small
sideslip angles are representative of the
forebody crossfiow low spin rates, while large
values of _ are used to simulate the effect of

high spin rates. However, during free-spin tests
in which oscillations about all three axes are

typical, the effective sideslip angle (as well as
the angle of attack) are also oscillatory.
Therefore, care must be taken when interpreting
the static data so that potential Reynolds
numb_ effects are taken into account in the

correct range of attitudes. Unless otherwise

noted, the following analysis will concentrate on
results at positive sideslip angles (i.e.,
simulating right spins), but the results should

generally be applicable to spins in either
direction.

At o,_.40- (fig. 9a), both the low-and

high-Re data had similar positive slopes and
magnitudes for sideslip angles between +5 and
-5, as stated previously. Between 1_=0- and
15=10-, all of the yawing moment data were

primarily prospin. Just beyond _=10-, the high-
Re coeffic/ents became negative (antispin), but
the low Reynolds numl:_ data remained non-
negative (prospin). Note that there was a

slight decrease in magn/tudes of the prospin
moments provided by the forebody devices as
compared to the baseline case.

Excluding small zero-_ offsets, the high-
Re data in figures 9b-9i (c_=50- to oL=90°)

indicated that the static yawing moment
characteristics of the X-29A were antispin in
the a- and _ranges tested. In contrast, the low-
Re baseline data showed significant prospin
_ts for a=50- through a=85 ° (figs. 9b-9h).
This trend is consistent with the findings of
reference 6. The low-Re prospin tendencies of
the unmodified X-29A generally lessened as th e
angle of attack increased. At a=90 °, the
baseline yawing _ coefficient was
antispin over the entire J3-range.

Next, the effects of the add-on forebody
devices are examined in figure 9. It is
immediately evident that strake 3 (the thinner
of the two "triangular patches") had little
effect on the low-Re results in that data trends

with this strake installed closely followed the
baseline results at nearly all attitudes. The
effect of strake 3 on yawing moment will not be
considered further in this report except to point
out unusual characteristics in the data. From

0=40" to _-65 ° (figs. 9a - 9d), none of the
forebody devices eliminated all of the prospin
tendencies. By a=70" (fig. 9e), st-rake 4 and the
helical trip had essentially eliminated the
prospin moments, but the data for the other
strakes were still prospin in the vicinity of _=5 °.
At o,=75 °, strakes 1 and 2 also produced antispin
C_..over the entire J3-range tested. Strakes 1, 2,
and 4 continued to generate antispin yawing

coefficients at 0_---80° and a--85 °. Note

that at 0.=80", use of the helical trip resulted in
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essentiallyzeroyawingmomentfor [3---+_5°,butat
a--_Y,C._was again clearly antispin. At a=90 °,
all of the low Reynolds number results (including
those for the baseline mentioned previously)

showed antispin trends.

The angle of attack range in which the
forebody devices were effective is better
illustrated in figure 10. Note that in figures 10b
and 10d, the high-Re results of ref. 6 were
obtained at [3=-4° and 9=+4°, respectively, while
those at low Reynolds number were for [3=-5° and

=+5°•

At zero sideslip (fig. 10c), there were

significant yawing moment offsets in the low-Re
data between a=45 ° and a=75 ° (and up to a=85 °
for st'rake 3). None of the devices tested

provided enough of a stabili_ng influence on the
forebody flow to correct these zero-sideslip
offsets to the high-Re values.

The results for rum-zero sideslip are
studied next. At l_-,5° (fig. 10d), none of the
forebody devices provided significant
improvement over the baseline case until
approximately o.=70 °. At this angle 04 attack,
strake 4 and the helical trip were the most
effective. However, the effectiveness of both

devices was reduced (i. e., the magnitude of the

antispin yawing _t was reduced) as the
angle of attack approached a=80 °, and then
increased again between a=80 ° and 0=90" (this
reduction in effectiveness was also evident in

the negative sideslip data - figs. 10a and 10b).
In contrast, strakes 1 and 2 produced the correct
sign of C._beginning at approximately 0=75 ° and
got progressively more effective as the angle of
attack approached 90°. Possibly, there was a
flow mechanism in this a-range associated with

the X-29A forebody shape that "overpowered"
the smaller devices (strake 4 and the helical

trip wire), but did not effect the relatively large
strakes 1 and 2. As the sideslip angle was
increased between _ (fig. 10d) and []_30" (fig.
10h), the angle of attack at which the low-Re
yawing moment coefficients became antispin
decreased,induding thatforthebaselinecase.

Although the match between the low-

Re and high-Re dam was improved above

a=70°,none of the forebodydevices produced

yawing _ coefficientsthat closely

matched the high-Re data at every sideslip

angle. For example, at 9=10 ° strake I provided a
very good match for 0=80 ° and above. At [3=15°,
strake 1 still provided the best correction. For
_=20°,the high-Redatawere highly nonlinear,

and were not matched by any of the forebody

device results. By J_0 _, strakesI and 2 seemed
toovercorrect_ while the data for the other

forebodydevicesand the baselinecase showed

good agreement with thehigh-Reresultsforthe
higheranglesofattack.

In summary, none of the forebody devices
corrected the low-Re yawing _t
coefficients (either in sign or magnitude) over
all combinations of a and _ tested. Assum_
that matching the sign of the high-Re yawing
moments ismore importantthanduplicatingthe

magnitudes,then strake4 and the helicaltrip

(with the exception of a reduction in

effectivenessneara,._0°forthe latter)provide
reasonably good performance above
approximately 0=70° while strakes1 and 2

provide the correctsign for yawing moment
above a=75 °.

Pitching Moment Characteristics

In references 5 and 6, large destabilizing
pitching moment increments due to Reynolds

effects were found for the F-SA and

X-29A, respectively. Using the high-Re results
of reference 6 for comparison, similar pitching

increments were evident for the

unmodified (baseline) 1/25-scale model of the

X-29A in the present tests (figs. 11 and 12).

The basic effect on pitching moment

coefficient of adding forebody devices to the
model is illustrated in figure 11c. This figure
shows the pitching morn_t coefficient versus

angle of attack for the X-29A at zero sideslip.
Positive pitching _ coefficient increments
(AC__ were found between the high-Redata and

low-Re baseline data at all angles of attack. In
fact, the sign of C_ was positive between
approximately _ and u,_8(Y for the low-Re
baseline case. In reference 21, low-Re rotary
balance pitching _ data were shifted
(nose down) by an amount equalInmagnitude to
the destabilizing increment caused by Reynolds
number effects in a statictest.Although some of
the predicted fiat-spin modes were affected
only marginally by this C, shift (up to a 3-

degree decrease in angle of attack and a slight
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change in the spin rate), in one case an
equilibrium spin mode was predicted using the
shifted data whereas none had been predicted
using uncorrected data. This illustrates that,
while yawing moment is of primary importance
for fiat-spin analysis, large changes in the
pitching _t cannot be assumed to be
inconsequential. And while it is clear that
these large, Reynolds-number-induced pitching
moment increments cannot be compensated for by
adding forebody devices to the model, it was
assumed that one or more of the devices tested

would at least not aggravate the problem
significantly.

As shown in figure 11c, strake 1 added
further sizable destabilizing pitching mo_t
increments (as compared to the low-Re baseline
data) over the entire a-range, from a minimum
of AC,,=+0.1 at a=80 _ to a maximum of
AC,,-+0.25 at a=6(Y'. Likewise, strake 2
introduced a large, positive AC_ between a=40"
and a=75 °, but the magnitude of the strake-2

pitching moment increment was always less
than that for strake 1. At higher angles of
attack, this strake did not significantly affect
the pitching mome_ characteristics of the
model, indicating that it might be useful if no

low-a spins were indicated by tests of the
unmodifiedspin model.

The boundary-layer-trip devices (strake
3, strake 4, and the helical trip) clearly had
less detrimental effect on C_ than strakes 1 and
2. In fact, above a--60 ° all three devices

provided greater nose-down pitching moment
than the baseline configuration (with the

exception of the helical trip at a=90°).
Obviously, the boundary layer trips have
smaller projected area normal to the flow over
the forebody than do strakes I and 2. But the
tripping of the boundary layer and subsequent
reduction in the crossflow drag on the forebocly
at high angles of attack was assumed to be the
primary reason for the increased nase-clown
pitching moment as compared to the baseline
case. Note that strake 3, although ineffective
at correcting the low-Re yawing mon-em
characteristics, caused the pitching
data to be more nose-down than the baseline

case over nearly the entire angle of attack range.

The effect of normm) sideslip on the

pitching rnoraent can be seen in figures 11a and

11b (negative values of _), and 11d through 11h
(positive values of _). As with the yawing
moment results, the following analysis will
concentrate on the positive sideslip angles
except as indicated.

Reynolds _ effects in the form of
large destabilizing pitching moment increments
were still evident at all angles of attack for the
nonzero sideslip angles. However, both the
detrimental effects of strakes 1 and 2, and the
beneficial effects of strake 3, strake 4, and the

helical trip were generally reduced as the
magnitude of ]3 was increased. At ]3=lit (fig.
lle), all of the low-Re data curves (including
that for the baseline) tended to converge
between a=80 ° and a=90 °. The angle of attack a t
which the curves started to converge decreased
as _ was increased. At [_--30_ (fig. llh), there
were relatively small differences in the
pitching moment coefficients among all of the
low-Re curves. The wends noted above are also

evident in figure 12, where C_ is plotted as a
function of _, with ¢xheld constant.

Summary of Results

The resultsofa staticwind-tunneltestto

determinethe relativeeffectivenessof several

add-on forebocly devices at correcting an
aerodynamic parameter important to the spin
characteristics of the X-29A (yawing moment
coefficient) for forebody-dominated Reynolds
number effects wh£1e minimizing their potential
adverse affect on another important parameter
(pitching _t coefficient) may be
summarized as follows:

1. Significant Reynolds number effects on
the pitching mora_ coefficient of the baseline
X-29A were evident at all attitudes tested.

These effects were alsopresentin the yawing
moment coefficient trends, but were less severe at

the highest values of angle of attack and
sideslip.

2. The devices wee not effective at

preventing low-Reynolds-number induced
prospin yawing moments over the entire sideslip
range tested below a=7(T. At (x=7(P and above,
only strake 4 and the helical trip prevented
low-Re prospin yawing moments. Both strake 1

9



and strake 2 eliminated the prospin moments for
0.=75° and above. Strake 3 was not effective a t

any angle of attack.

3. While effective at correcting the sign
of the low Reynolds number yawing morn_ts
above certain angles of attack, mine of the
devices consistently matched the magnitudes of
the high Reynolds number yawing moment data.

4. Strake 1 added a sizable destabi-

lizing pitching moment increment to the zero-
sideslip characteristics of the model, in
addition to that caused by Reynolds number
effects on the baseline configuration. Strake 2

produced a smaller destabilizing increment than
did strake 1, and above rt--75° this strake had no

significant effect on the zero-sideslip pitching
moment characteristics of the model.

5. Above o_=60",strake 4 and the helical

trip caused the zero-sideslip pitching moment
characteristics to be more stable (nose-down)

than those for the baseline configuration at low
Reynolds number. However, neither of these
devices compensated for the large disparity
between the baseline low-Re data and the high-
Re data.

Concluding Remarks

A static wind tunnel test to measure the
forces and moments on a 1/25-scale model of the

X-29A Forward Swept Wing airplane has been
conducted in the NASA Langley 20-Foot
Vertical Spin Tunnel. This research was
conducted in order to study a configuration whose
aerodynamic characteristics were known to be
susceptible to Reynolds number effects on the
fuselage forebody at spinning attitudes.
Changes in the aerodynamics due to low
Reynolds number, especially in the yawing
moment, can have a lm:_ound effect on the spin
nodes predicted by either the free-spin or
rotary-balance subscale model techniques.
Previous tests had predicted that the X-29A

free-spin model test results would be pessimistic,
(i.e., more prospin) than the airplane spin
results.

At present, high Reynolds number

aerodynamic data are availableprimarilyfrom

staticwind tunneltests.These data have been

used successfullyto predict whether or not

differentairplanedesignswould be impacted by

Reynolds number effects on spin aerodynamics,
primarily due to changes in forebody crossflow.
When differences due to Reynolds number were
noted (especially in the yawing momenO,
forebody strokes historically were used in an
attempt to make corrections, with the
assumption that the spin aerodynamics would be
similarly corrected. While reasonably good
success at correcting the yawing moment has been
realized using strakes, there has typically been

a penalty in the form of a destabilizing pitching
rnorr_nt increment being added. Less stable
pitching moment characteristicsmay ormay not

have an effect on the predicted spin modes,
primarily depending on the degree of
longitudinal stability naturally inherent in a
particular configuration. For a contemporary,
longitudinally unstable design like the X-29A,
the impact could be substantial. The resultsof
this study indicate that other add-on forebody
devices (besides traditional strakes) can have

beneficial effects on yawing morn_t that are
similartothoseproduced by strake1,but with a
reduced (strake2) or even eliminated (strake4

and the helical trip) destabilizing pitching-
moment penalty at certain angles of attack.

The forebodydevicesinthisstudy (with

the exceptionof strake 1 in reL S) were not

optimized in terms of size, location,or

orientation.Further effortsto optimize three

promisingshapes (strake2, strake4, and the

helicaltrip)should be carriedout in future
research.Inaddition,the use of other devices

(possiblysmall aR-mounted strakes)should be

studied as a means of compensating for changes
in the longitudinal characteristics of free-spin
models due to Reynolds number effects.
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Table1. Dimensional Characteristics of the X-29A Airplane

Overall length, ft .......................................................................................................................... 48.0

Wing:

Span, ft ............................................................................................................................. 27.2
Reference area, ft_ ............................................................................................................ 185.0

Exposed area, ft2 .............................................................................................................. 160.0

Mean aerodynamic chord, in .............................................................................................. 86.6
Aspect ratio ........................................................................................................................ 4.0
Taper ratio ......................................................................................................................... 0.4
Leading-edge sweep, deg ................................................................................................ -29.27
Quarter-chord sweep, deg ............................................................................................... -33.73
Airfoil section:

Root thickness, percent chord ................................................................................... 6.7
Tip thickness, percent chord .................................................................................... 6.0

Canards:

Span, ft ............................................................................................................................. 13.6
Reference area (total), ft2 .................................................................................................. 37.0

Exposed area (total), f_ ................................................................................................... 36.49

Aspect ratio ...................................................................................................................... 1.47
Taper ratio ...................................................................................................................... 0.319
Leading-edge sweep, deg ................................................................................................... 42.0
Quarter-chord sweep, deg ................................................................................................ 23.08
Airfoil section:

Root thickness, percent chord ................................................................................... 5.0
Tip thickness, percent chord ................................................................................... .3.5

Verticalstabilizer:

Reference area, ft2 ............................................................................................................. 34.0

Aspect ratio ...................................................................................................................... 2.68
Taper ratio ........................................................................................................................ 0.30
Leading-edge sweep, deg ................................................................................................... 47.0
Airfoil section:

Root thickness, percent chord ................................................................................... 4.0

Tip thickness, percent chord .................................................................................... 4.0
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j Counter weight

a. Angle of attack definition.

Figure 2. Sketch of 1/25 - scale X-29A model mounted on 20-foot Vertical Spin Tunnel rotary
balance for static testing.
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V= i_

b. Sideslip angle definition at ¢¢=90 °.

Figure 2. Concluded.
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Figure 4. Orientation of force and moment coefficients about body axes. Positive directions
of force coefficients, moment coefficients, and angles are indicated by arrows.
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Top view

_f 0.033

Side view

a. Strake 1.

3.50 _f 0,17 rl

Side view _ 0.033

b. Strake 2.

Top view

0.033 (0.066 for strake 4)

i_ 350 _o17 £
h=O.1

c. Strakes 3 and 4.

Figure 5. Forebody strokes 1 through 4. Linear dimensions are in inches.
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Section A-A

<

(full scale) -_ -- 4"25°

a. Strakes 1 and 2.

Section A-A

'_ .;;_ oo-- . ...... ,,,,,_- 4.2so
(full scale) .... _VdVvVVVVv_Nvvv" .... ,_

L-_.A

b. Strakes 3 and 4.

Figure 6. Placment of forebody strakes 1 through 4 on X-29A model.
Linear dimensions are in inches.
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3.14

WL56.2 -
(full scale)

6.64

a. Side view.

b. Front view.

Figure 7. General arrangement of helical trip wire on forebody of the X-29A model.
Dimensions are in inches.

2O



C
I'1

0.15

0.1

0.05

-0.05

-0.1

-0.15

J J J ! ]I I ! i i , i
i i i i i i

i i [ i i i i

i _ ..r.........T----j ......... i.........._.....
................. _........... - ..................................... _. ................. _. ...... ;............ _............... - ...........

...................'II _-..................]...................!...................!...... I .......!................i..............ZT......... ;......ZZIIIIZZZiZZZi_......., .......iZZZ!ZZ_

...........antispin ................................i...................i prospin .-i_....................ii.................

........i i ..............................i.................[" i '[...................i................

! i i i i i i
J

, i ! i i [ !

! i i i _ [ i

' --- i............ _.... i ....................... i

..-ZZZ,III ,............'............ii....... _! IV, --i-ZZi
........................................ - ......... - _

...........prospin .............................i...............i antispini ...............i........
-211111111........!..............!........ZZZZZZZZZ.........i..............]ZZ-_]_-.Z-_-

[ i [ i i i i

........ _..... _ ........... , ...... • = !.... =............. _.
i i i i i i !

..... L = ! ...... "= ! _ ", , i, _

i i i i i i i
-15 -10 -5 0 5 10 15 20 25

13,deo
(_ =constant)

30

Figure 8. Illustrationof prospinand antispin quadrants of Cn- vs.- 13plots

used for analysis of static data at spinning attitudes.

21



C
n

0.15

0.1

0.05

-0.05

-0.1

.............. ;........... ;..................... ; .......... ;.............. + baseline

:. i i E _ + strike 2

i ' _ strake 4r---i ..........i ......F-_T --_-'_ _
+ Re ,. SxlOS/ft -

•_ i i Ji i i _

'-----_ =i__ ", " i !

__--_ _ __.. _

.............!............._. . ______.

............ -;--------_ ! ;_;-_4
•: ! i ; .:

......... _- ...... [_ .i..... L-----4'

" _ i i i i
i i i i

j i _ i i i "",i
.... i i i _. i i_i "

: , ! ! ] •.,

i j ! ; i i J

......... ,'- ..... ' , ,: ! ....

j i " J ' ;i t i i I
-10 -5 0 5 10 15 20 25 30

-0.15
-15

1_,deg

(a) a. - 40 °.

Figure 9. Static yawing moment characteristics of the X-29A at low- and high-Reynolds numbers,
including the effects of forebody modifications. Angle of attack is constant.

(_==-60 ° , _025 ° , _=300 , _f=0 °)

22



C n

0.15

0.1

0.05

-0.05

-0.1

I I I I I
. . _ :

i ! i J

................:i...................i.....................i.............J...............iil
! !

baseline
strake 1
scrake Z
strake 3
strake4...............i...................i......................t............t..................i --_- _o,i°,=o

................i...................- ................................t ...................-..................i" --.-tl--- Re= 5xl O_lft

i i = ....t...................i-- , ,

,_: ______

I I-0.15 I I I
-15 -lO -5 o 5 lo ls

p, deg

I I

20 25 30

(b) a = 50°.

Figure 9. Continued.

23



Cn

0.15

0.05

I I I I I
'=,--..... _.............. i........i i = , I....... ' _ baseline i

......... ,..................... ,,........................ ,. _ r,.rake1 ...
i i ! i i --e-- _ke Z.............. =....... _...................... : ...............=................._.. _ strake3 --
i i _ i " _ strake 4

i i i i i --.-- Re"sx'°'/_-0.1

" i---_ .... t..........._.......... i-----_
•_p----_= . .-:..-..... :.-- .... p----_..:

____._-_i---_ .- ' _ ..... .i...... ;_.,-.--_
_ _: ,_..L_ ........ j..... ___._
_ '__ _ ...... i__'_ '

: i i _ i
-- -- -.----H ..... _ ......... ._-----_-------_."

i ..... !......... _ " _ ",_
i i i, .

' z Ix.
i /..................i............... J..... ___N,I,

0 5 10 15 20 25 30

°0.05

-0.1

i i

' I
! I

-0.15 ......... I...... ]
-15 -10 -5

_,deg

(c) a = 60°.

Figure 9. Continued.

24



C
n

0.15

0.1

0.05

-0.05

-0.1

-0.15
-15

! ! I i I I I
• . : : •

.................. ;................. ;................................... _......... ;.............. i- _ baseline

................... !................ !..................................... ._................ L................ i_ _ scrake 1
strake Z

.................. _............. ":.................................... ._............. -- ............. z _ strake 3
i ! i i i _ st_ke4

..................i................-.."......................................T...............t..................i ---v--- helical,rip

...... !" ". : " i" "....

- ""-------_. _'i ..... i.---_

.... ! .... .v.-- ...... _-_i ..... i_-_i--_

- -:..... . - ,------_--. -__.i--_

.... _-_ - i _---_--_---_----_i !

• _ i _i._

.................i.........-- ..............................i...........f...... _,--i......-- .....

____...!!_i.........._ ............................__i_i ..... : ............. _- =........."........

..... i ! i ! ! i
I I I I I f J

-10 -5 0 5 0 15 20 25 30

_,deg

(d) ¢z= 65°.

Figure 9. Continued.

25



C n

0.15

0.1

0.05

0

-0.05

-0.1

-0.15
-15

.................;.................;.............................. ;...................;.................' _ baseline

...............,............. _........................ +..................,................., _ strake 1
i ! ! ! i --e-- ,t_=_=z

..................,............ _............................ *..................,-...................:, _ st_ke 3

_ i ..............T.............T...............T---_ _,c=_
---e---- Re- SxlOS/ft

i i i i: I

--, ÷, - i i" i i
•-- _-i------------__ _--P-------- .-- ,_----__

:" i

.......-...-..-¢.---_..___;_._;__._.;
: : I ."
t " i [ !

i i J 1
! = I =. :

" i i i

-_-------__....----_

........... ;.. .... ;..... ;_.._____._
• | ! .*
• i t

i " i

............... :_........ i ..... .;

i
i
|
i

!
!
i

i
i

-10

i i i
i ; .... i

i i
" .... 1 .......i

! ! i
l I

-5 0 5 10

p, deg

' iI

15 20 25 30

(e) cc= 70°.

Figure 9. Continued.

26



C n

0.15

0.05

-0.05

-0.15
-15

.... :c , ; .....

I
i

i

I I

baseline
strake 1
strake 2
strake 3
strake4
helical trip

Re- $xlO6/ft

-5

! t i i i

5 10 15 20 25

[3,deg

30

(f) a = 75°.

Fkjure 9. Continued.

27



Ctl

0.15

0.1

0.05

-0.05

-0.1

-0.15
-15

I I i I I __......L J

i .i-----i" b,,,,,,
t i...... r---F i -e-,_,._
i-_----_,' ..... I------------P----. --_._--- ..... _.. _ sl:rake 3

1 i i i i i _ strake 4

'_X'---"-_.. _._-------__'_--_ --_-._ helical trip -

-- i----__----- L__" --*-- ,e- SxlO'/_
t i i i i i --.------..-.--,----=

............... ' ........... ;.............. ,L ............ .L............. ".......... i._..3 .....

i!!ii i
...... ,.... _____ T __,___|. _ _

1 1 • _ | |L

i ' i i "
-- - _. _ _. ' 4_i.-.-...----.--4 ....

I \ \\! \_\
," i i i_, . i .... I IX \%, _X\ i _....

! i
ii !
i !
o

i J

!- !
i i
i !
t i

-10 -5

- .':----- -" _ i
! r i !

I ! I I I

0 5 0 15 20 25 30

.B,deg

(g) c_= 80°.

Figure 9. Continued.

28



C
/1

0.15

0.1

0.05

0

-0.05

-0.1

-0.15
-15

I I I I I 4 I

......... i............. _ "L.--_ ......... i.Fi i i i i _ baseline ]"
............ .; _ strake 1 ...
i i T----F- .... i _'_r'ke Z

! i i :. _ _ helical trip "-

i i ÷ i i --'-- _e-Sx:O',_-

................ _.................. ;................................ $............ ..'................... ,_............ ;................. .;............

................................. _...................................... _ ................... _................... _................... ;................... _..............

........................ _....................................... .;.................. _.................... ; ................... i ................... [ ..............

: i i i ! i

_- _" _'." .... i.... _.'--_

i i
I I I I I I I

-10 -5 0 5 10 15 20 25 30

_, deg

(h) oc= 85°.

F'cjure 9. Continued.

29



C/1

0.15

0.1

0.05

-0.05

-0.1

-0.15
-15

I I

i.... i_
I I I

_-i ........]

1 !
baseline
strake 1
strakeZ
strake3
strake4

.................i.................4..................!........ =- _ _ --*'-- Re-Sx10'/_-
i i i i J_

_ _ 1 _ i _ i 2..

..... i..........i..... i ii-
• , , , , :,..... _ - _-----_p--.._,____._:
: : _ ° = :

i i i _ i

................... ..'................... .; ................. ,,........... .;.......... _....... _ ....

............... ;.................. ; ;........ ;.......... .;_

................. .-; ................ _. ,,;.--_-.J- ....... i .....

............. _.............. ".:" _ .... i"_. .'_....... •..... "-i..'-"
- _-----4

= : i t =

i i _ i i i I '
i i i I t i i

-10 -5 0 5 10 15 20 25 30

13,deg

(3 o_- 90°.

Fx:jure9. Concluded.

30



Cn

015

0.1

0.05

-005

1 I l 1 1
................ ) ................ ) ................ ) ................ ) ................ } ................ _...........

baseline
strake 1
strake Z
strake 3
strake 4
helical wire

+ Re = 5.0xl OS/ft
I

-0.1

-0.15

_4 I I I

i i
! i

40 45 50 55 60 95

i

• !

• . : _ _ -

: ' i i
i i i i
L_____ 1 L___.__ ]

65 70 75 80 85 90

U, d_j

(a)p- lo °

Figure 10. Static yawing moment characteristics of the X-29A at low- and high-Reynolds numbers,
including the effects of forebody modifications. Sideslip angle is constant.

(8==-60 °, 8a=25 °, 8,=30 °. 8r=O °)

31



011

0.15 i I I 1' /

k-......................................................................
I--..... !..... ,.... ,:......... .';-----._ ............"............4- _ =tr=ke1 !-4
/ i i i i i i ! --'e'-- str=k=Z I /
I- ...... _........ _..... _-.......... _".......... ¢...... _...... ..-p'- _ st:rake 3 |--I

I-.........i............i.............[.............].............-...... -....... T _ _J,_J_ro 11
o._ ..... _........ _..... t....... _...... r..... _..... t

.._.. ........... ,."................ -.'................ ._............... _-............... ,';-.............. ÷ ............... _ .......... ÷ ............ ÷ ......... --i, ..........

............. i ............... _................ .;............ _-............ ,'-......... # ...... $.-.... _ .... ----._-i--------

.............. _................ i................ .i ................ _................ _-.............. .i-........... _ .......... .i.......... 4...... #. ........

0.05 ........... ' ................ i ................ '................ ' ................ _-............... _ ............... .L...___q

0

-0.05

-0.1

-0.15

t

,...............................]-..........-................................................. -i
I I

40 45 50 55 60 65 70 75 80 85 90 95

mdeg

(b) 13= -5 ° (*l] = "4° for Re = 5.OxlOS/ft).

Figure 10. Continued.

32



C
n

0.15
! ! _ J I

............... t ................ i .............. 4................ 4................ .1-............... ,P............ _..._i i i i i i

...............................{................_...............{................_................_..............,_- _ strake 1 |.-_
i _ i _ i i _ strake 2 II |

...............i................i..............._................_..............._..............._..............t"" _ strake 3 |'-J

...............i................_................-...............i..............." ............":_............ i _ strake 4 II /
i i i i i i 7" _ helical wire I!"1

o.i ..............i................i................;..............._..............._..............._..............-- _'"
............... ! ............... _............. i................ ;................ _- ............... _- ............. _- ............ -_ ............... _ .............. 4...........

0.05 ...........................................i] ii_i_ , _.__4............... _............ _............. _.......................... , ............. , ........... ÷ ........... _ ............... _ ............... 4 ..............

...._ ............___ [ _ i i, .......

i

-0.05

-0.1

4 ---4 4-----------_--4-._ 4-- -4- ;

!

i i i

-0.15 I I i I
40 45 50 55 60 65 70 75

' i i

I I I

80 85 90 95

a., deg

(c)13=o°.

Figure 10. Continued.

33



C

0.15

0.1

0.05

-0.05

-0.1

-0.15

( -*-4 .----4 4 4- 4.- + _

.............. ¢............ 4---_4---.------------4--- ........... (. ........... 4-- .......... 4-, , l _ .6

..............._........................................................i......... _........

) 1 I I I 1 I 1 1

40 45 50 55 60 65 70 75 80 85 90

a, deg

(d) I_= 5° (*_ = 4° for Re = 5.0xlOS/ft).

Figure 10. Continued.

95

34



0.15

0.1

[ T T T
.;.... 'h

baseline l'"
...................................................................................................................;.... _ strake 1 !.-

_ strake 2 1

................................................................................................................. _l. _ strake 4 I
helical wire I-

C
n

0.05

-0.05

-0.1

i i i i i i
i i i i i i

-0.15 _ ! l

40 45 50 55 60 65 7O 75 80 85 90 95

m deg

(e) p = zo°.

Figure 10. Continued.

35



0.15

01

005

....... 4.......... t t _ _ 4.

I I I

baseline I

strake 1
strake Z
strake 3
=trake 4
helical wire

Re - 5.Ox1Ot/ft

aft 0

-0.05

-01

-015
4O

i
i

i

i J

......................................................... _.............. L.............. =....................... -4- .........................

.............._..........,'--'P---_...................t..............._............t.........................-t-.;.......................
I I t I I 1, I I i

45 50 55 60 65 70 75 80 85 90 95

deg

(0 P= _?.

F'_jure 10. Continued.

36



0.15

0.1

0.05

t I I

baseline

strake I

strake Z
strake 3
strake 4
helical wire

+ Re - 5.0xl 06/ft:
I

O N

-0.05

-0.1

-0.15
40 45 50 55 60 65 70

o., deg

75 80 85 90 95

(g)13= 20°.

Figure 10. Continued.

37



0.15

0.1

0.05

....... i......._ .... i i .';-.... ._.... _. _ =t_ke1 !-I
i i i i i i i _ strake Z II I

............. ..!........... =_..... .:r..... _= • • "'_: ........ '=":........ J'-: .-.-..._ gt r_k= cn,"a r7m._l

...............i...............i..........."....... "[..... i.............i..... i _ =tr=ke4 i ]
i ! i i .T .." ....... T"" _ helical wire !"]

.............i................!.............:=-........_..... !..............i.............!_

Cn 0

-0.05

-0.1

-0.15
40

== i i i ,

45 50 55 60 65 70 75 80

ct, deg

85 90 95

(h) 1_= 30°.

Fk3ure 10. Concluded.

38



0.8

0.6

0.4

I I I I
I

baseline I

str'ake 1
strake Z
strake :3
strake 4
helical wire

.................... _ Re = 5xlOS/f't

i

C m

0.2

0

-0.2

-0.4

-0.6

i

i

I

70

i t !
I I f I

40 45 50 55 75 80 85 90 95

a, deg

(a)/_ =-10 °.

Figure 11. Static pitching moment characteristics of the X-29A at low- and high-Reynolds numbers,
including the effects of forebody modifications. Sideslip angle is constant.

(8c=-60°, 51=25 °, 8=30 °, 8r=0 °)

39



Crn

0.8

0.6

4 4 _- !

! I e f
i
i _ baseline
i _ str=ke 1
i ----_--- strake Z
, _ strake3
i _ strake 4
,--- _ helical wire

_*Re = $x I O'/ft

i J
i !

I

-0.4

-0.6

o., deg

(b) l_= "5° (*i_ = "4° for Re,,SxlOe/lt).

Figure 11. Continued.

40



C
Ill

08

06

04

02

0

o02

-0 4

-06
40

_.o

i

I I i

baseline li

strake 1
strake Z
strake 3
strake 4
helical wire

Re = Sxl O=/ft

i i i t i

i
i ! ! i

45 50 55 60

o_deg

&Cm==_0"25

(c} J3= 0° (,_Cm measured between baseline curve and strake 1 curve)

Figure 11 Continued.

41



C m

0.8

0.6

0

............... _................ 4................ _................ 4................ 4-............. 4- ............... 4- ......

T 1 T--"-"

baseline I

strake 1
strake Z
strake 3
strake 4
helical wire

_'Re - 5xlO6/ft

...............................................i...............[...................................

(d) 13= 5° ('13- 4° for Re,,SxlOe/ft).

Figure 11. Continued.

42



0.8

0.6

0.4

!

................... i i

I , P

-_ baseline I

st, rake 1

--_ su'skeZ
sr.rake 3

s_mke 4
-_ helic2d wire

Re = SxlOS/ft

0.2

C m

0

-0.2

-0.4

-0.6

i i i i i _ _ i i i
............_................_.............._......... _....... ...... , _ _ _

.............. _................ _.............. - ..... L....... ..L. i i | i '

............... t................ _............ _.......... 4-............ ;--. ..... | . _ _ i _

I I I I I I I I

40 45 50 55 60 65 70 75 80 85 90 95

deg

(e) _ = 10°.

Figure 11. Continued.

43



C
/1

-0.4

-0.6
40

J
i

i i

i
:_ i i i " '

: | : : • , : :
| = ! i i

i i i i i i i l i _'_... '

i ' i i i _ i i i i
45 50 55 60 65 70 75 80 85 90 95

o.,deg

(f)p= +s+.

Figure 11. Continued.

44



0.8

0.6

0.4

0.2

I

baseline
strake1
str_ke Z
strake 3
strake 4
helical wire

Re - 5xlO6/ft

C
_n

-0.2

-0.4

-0.6
40 45 50 55 60 65 70 75 80 85 90 95

co,deg

(g) _ = 20°.

Figure 11. Continued.

45



Cm

0.8

0.6

0.4

0.2

-0.2

-0.4

-0.6

baseline

----_---- szrake1
_ _rtrzkeZ
_ scrake3

strake4
helicalwire

---e---- Re= 5xlOt/ft

4O

i i i i

i i i i i i i _ '
I I I I I 1 I I I

45 50 55 60 65 70 75 80 85 90

deg

95

(h) _ = 30 °.

Figure 11. Concluded.

46



C
m

0.8

0.6

0.4

0.2

-0.2

-0.4

-0.6

I I I I I I I
i i i r i

i i ..! _ baseline istrake 1

ii i ............. ::"-......... _ strake Z .......... ': ..................
strake 3 !

.............i.......... "; ...: _ h.,=,_,e i-----/-_//3i i i + =

................... _..................._........................... - ............ Re- SxlO / ft .........._....../.../_.

..................!...................!................ +'................_........... i............ i............ __ .

................... i.................... ; ......................... "_................... _ .................... _ ..................... ; ...................

......i..................iiiiiiiiiiiiiiiiiiii

.... - :7-
.... i--- i_-)_-i ......

.................._iiiiiiiiiiiiiiiii__i....................i

.................. i ................. i'

i i

5 -10 -5

! i i i ...
-_- ............ -k ............... _........... i ........ -_ ..........

i i i i i
........... 4- ............ ¢......... O........... P

i _ i i i
I I I I I

0 5 10 15 20 25 30

13,deg

(a) cz= 40 °.

Figure 12. Static pitching momentcharacteristics of the X-29A at low- and high-Reynolds numbers,
including the effects of forebody modifications. Angle of attack is constant.

(S==-60°, 8=25 °, 8=30 °, 5r=0 °)

47



C m

0.8

0.6

0.4

0.2

-0.2

-0.4

-0.6
-15

I I I I I I I
! i ! !

............... _........... i _ baseline ! .." i
i i _ $trake I _ i

................... ,................ ,............... _ strake 3 4................. °......................................

.................i...................]....................__,::'wi,_ !.................i ......_
............... i

,_ ......_........................._....................:..........._.._...i...._..'......__.__
............. _ .......................................... _. ................... :.................... _................... _...................

i _ E i I i !

...................!...................j...................T..................r.................i....................i..................._...................

i. ............... _. ...... _....... _.............. ._ ...............

.r-.... r..... i.........i................i..............
i i
o

I I
-10 -5

,. i ! f _ ......... : ....

! I,. ! ! _! .........

= i i i !
I I I I I

5 10 15 2O 25 30

I_,deg

(b) a = 50°.

Fcjure 12. Continued.

48



Cm

08

0.6

0.4

0.2

-0.2

-0.4

I I

...................i...................-................1.................-...................r..................i1_ b..,_._ I

...................i ...................- ..............1............ - ..................- ...................i. _ str=ke1 i.-
i i I i i i _ =t_ke z I

................... i....................i............ | ............ _.................. _.................... i-1 _ $trake 3 |.-

i i _ i i i/ _ _t_k_4 /
........... i....... -."...... , *._ .... _-......... i-4 _ helical wire I--

..... L___.......1_____ .......JJ----- ,.-_.,o',_L
..... .......i:.........J..........i........"

_-------i__J_ ......_.... r m .....r.......
• i i =

'.'_,_ii,L..........i.................i....................!..................i.......iiiii......
i

i i
i i

-10 -5 0

i i , i "
i i : i_ ,,:i i "
• , !i " | " ! " Ii t f
i i i i i
5 10 15 20 25 30

_, deg

(C) oc= 60 °.

F'_ure 12. Continued.

49



C m

0.8

0.6

0.4

0.2

I I

J
............ o............

J J

t I I I

! i i _ baselinestrake I

i _ retake Z
! ............. j.' -_---- strake 3

strake 4

i ! -----_- _ helical wire
Re ,, SxlO=/ft...................i.................._.............................."..................-.................i-

................... !....................!................................. _.................. 'L................ i....................i....................i .................

,, i i i
0

-0.2

-0.4

-0.6

................ 6................. .,.4 ...........

................ _o_

...........i i
I I

5 -10 -5

ii i......
0 5 10 15 20 25 30

J],deg

(cl)_,= 65°.

F_ure 12. Continued.

50



Cm

0.8

0.6

0.4

0.2

0

I I I I I
........ i....... .:':........... i i .... i. m

i ! i i !
................i..............i............... i _ i

-i iiiii:iiiiiii!ii:::iii:-iiiiiiiiiiiii:::i- :    ------ ii-.......7
...................i...................7...................................T.............r...................!_
................... !....................i................................... _ ............ _...................i....................i....................;.................

...................,."....................r..................................-...........r..................i....................i....................i.................

.....................................::::::::::::::::::::::::.........i.................... iii_i...............

J 1

baseline
stvake 1
strake Z
strake 3
strike 4
helical wire

----0---- Re = 5xl 06/f'c

-0.2

-0.4

-0.6
.

i

.................i.................i...................

! i
I I

i

: , ii i i i
i ................ _ ................ i .................. ; ..............

......... - i

i

i ....

i i i i _
........... i i-i ........... .il ............... M i ............. i_..............

i i -i ..... i.... i
I I I I I

-10 -5 0 5 10 15 20 25 30

13,deg

(e) ll = 70°.

Figure 12. Continued.

51



C m

0.4

0.2

-0.2

-0.6
-15

0.8 =t t I J I _J l

.... i _i --_,"" _ baselinei i ,= j _ ,t,',ke1
.......... _........... - ........... ; : ; _ strake Z
...................;....................;........................... ; ............ _................_. _ stroke3

strake4
O.6 _ helicalwire

Re- 5x1OSlft
................... i .................... i................................. _ ................. ;................... _.................... ;.................... i..................

................... _.................... _.................................... ,;.................... _.................... _.................... _.................... _.................

.................. =................... 4 ....................... _ ............ L............ i ................ . .................... "...............

........ ;..... : • • _.._._ ....... _...... ..j, .....

....... "....... 4".......... i i " i _ ....

. °° ;_ • ....

• . ,
..................!..................._...................... L_ .... - .......... .:_..................... - ...............

................. ! .................... ._.............................. ..p.......... ;. ................ _.................... ;.................. ;...............

...................i....................!...................................i................_................!...................i..................i................

...................!_..................."_............................._.........._................i...................i...................i.................
• . o ....

................... i .................... _................................ ,i............... _................... ,i.................... _.................... _..................

-0.4 ............ i........... ! ......... __i_.-._.__..

: ' ! i ,!, it•" _ i ,,i ! I
i i i t , i I ,

-lo -6 o 5 lo 15 2o 25 3o

1_,deg

(t) a = 75 °.

Fkjure 12. Continued.

52



0.8 I I I I I I I
i ! i : !:_

....... ÷......... - ....................... T _ _ ........ :'_

i ! ! ! ! _ str_kebaselinel

.................. :.................................................... ; ...... _ ..... _. _ strake 3
strake 4

0.6 i i i i ......... _- _ helical wire
i _ _ Re = SxlOS/ft

...................i...................i......................................T.............F...............i

................... _.................... ,...................................... * ............. _.................. _.................... _................... _...............

i

................... _.................... .:....................................... ÷................. _................. ....................... •.................... _.................

0.4

.......................................i........................................T................T..................i....................J...................i..................

................... i .................... ;........................................ _,........ _ ............. _............... i.............. 4 .............

-0.4 .................;............ _...............................-_'-" ; "_ ........ _........... _

.......... -

0.2

Cm

-0.6 I I
-15 -10 -5

I : i t
0 5 10 15 20 25 30

13,deg

(g) _z= 80 °.

Figure 12. Continued.

53



Cm

0.8

0.8

-0.2

-0,4

I I
! !

-0.6

: i

r

I I t : i
i _ _ baseline
i i ! _ strake 1

J J i --e---"_ke2t _ strake 3

! _ Re .- 5xlO6/ft
mj _......... i i J_
.............. :............. :....................... -t,...... _!_; ....... .-.4

...................i....................i......................................T...................T..............i..............!................i...........
o, .................j..................._......................................T...................i...................i................i...................i.................

...................i....................J........................................t...................t...................!..................!...................i..................

...................i....................i........................................T...................i....................J.................i..................i................

...................i....................i.......................................T...................i...................i...................J.................i................
°-_.................i...................i...................•...................t...................t...............i.............i............i...............

......... !.......... _............. _......... _-........ _-_-_--_i .... _......

: : • : |

' " ' f 1 ' ,

...... •........ _ t' i-.--.--.--4.
i i i i i i i

..... :........ _.............. --.-f.,=__._= . _ - _,_ ._

................ !............... _ .............................. .p......... ! _. ,, ___._ .....

.................i...................i.......................................t...................t.........i-----i .............."i..............

...................__: ..
..................i....................i.....................................t.................-f:....... i-- .......i...........;.................

I I I I I I

5 -10 -5 0 5 10 15 20 25 30

_, deg

(h) cz= 85 °.

Figure 12. Continued.

54



0.8

0.6

0.4

0.2

Cm

0

-0.2

-0.4

-0.6
-15

I I I I I I I
i i ' _ i

................ i................. i ................................... i ................. F ................. i" ---_--- baseline ""strake 1 ..

i J i i i --e-- =trak=z
...... _ _.!.__.____:.. _ strake 3 ..

,....... --, helical wire -

i i 1 ! i; _R=-sx_o'.t ..
........ i............i..........................T..............-.... r'

................i..........i.......i
................ :,................ ._................... _.................. ÷

i i _ i i i i
..................._.................._......................................i...................i...............i...............!...............i..............
................... ;.................... ;....................................... + ................... _................... _............. _.............. , ..............

...................i...................!......................................i...................i..................._........i.........i_:_:_-

..................!.................... ._................... t................... ÷

................... i .................... i........................................ _.................... ;,.................... ¢........... ,........... _.............

...................i....................i......................................i...................i....................i.................i..............i...............

.................i...............!.................._ i i i i
i i i i i i ._

............................ ' ................................. _................ _-.......... -_..... -,.............. 4 ...................

...... " .................. _........... ---L---.---.-----L ........ -_

...................i....................!. _................_............ •........... ..........
I _ I I I I I

-10 -5 0 5 10 15 20 25 30

J],deg

(i) _ = 90 °.

Figure 12. Concluded.

55



REPORTDOCUMENTATIONPAGE Form Approved
OMB No. 0704-0188

1. AGENCY USE ONLY (Leave bMnk) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED

March 1996 ContractorReport
4. TITLE ANDSUBTTTLE 5. FUNDING NUMBERS

Wind-Tunnel Parametric Investigationo! Forebody Devicesfor Correcting C NAS1-19000
Low Reynolds Number AerodynamicCharacteristicsat SpinningAttitudes

s. AUTHOR(S)

C. Michael Fremaux

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)

Lockheed Engineeringand Sciences Company
144 Research Drive
Hampton, VA 23666

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(F.S)

National Aeronautics and Space Administration
Langley Research Center
Hampton, VA 23681-0001

11. tRIPPL_ENTARY NOTES

WU 505-68-70-05

8, PERFORMING ORGANIZATION

REPORT NUMBER

10. SPONSORING I MONITORING
AGENCY REPORT NUMBER

NASA CR-198321

Langley Technical Monitor:. Raymond D. Whipple

1_. Bcrn,mJ'noN/ AWULAB'UTYSTAXWEN'r

Unclassified - Unlimited
Subject Category 08

12b. DISTRIBUTION COOE

13. ABSTRACT (Maximum 200 words)

An investigation has been conducted in the NASA Langley 20-Foot Vertical Spin Tunnel to
determine the static aerodynamic characteristics of a 1/25-scale model of the X-29A Forward
Swept Wing airplane. The tests were conducted at a free-stream dynamic pressure of 3.6
psf, corresponding to a unit Reynolds number of 0.35 million per foot, or 45,000 based on a

maximum fuselage forebody depth of 0.128tt. The purpose of this investigation was to
assess the ability of various forebody devices to correct the aerodynamic parameters that are
important in spin testing for Reynolds number effects. Low Reynolds number aerodynamic
characteristics obtained for the X-29A during the present test were compared with high
Reynolds number data obtained for this configuration in a previous test. The low Reynolds
number tests were conducted first with the unmodified (baseline) model and then repeated
with each of several forebody modifications installed.
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